source. Yet every fifth citizen lacks drinking water. The problem is bound to turn worse with the proposed plan to settle a new population in a new township nearby. Hence, there is an urgent need to search ground water bearing horizon. The water intake points from river Ganga are at two levels to suck water from the river and when the water level goes down below these two suction points, which quite often happens, the intake system fails to draw anymore water from the river. This is the reason why, there is dependence on ground water. Further, the existing intake and supply system being very old laid out with smaller diameter pipes for a population (figure not available) far less than the present population (16 lakhs according to 2001 Census), the pipes limit the intake of water. Here, a question might arise as to why old pipelines cannot be replaced or else why new pipelines cannot be laid. Most of the city surface below which the pipelines are laid, is built up and hence there is no scope to dig up to replace the old pipes. And, new pipeline to be laid out, the same built up space is a problem to dig and lay the new pipes. Some socioeconomic and political compulsions come in the way to dig and lay new pipelines in this built up space which is quite extensive and highly dense with houses. Surface pipelines cannot withstand the onslaught of indisciplined public especially in this part of India. This is the reason why, there is no other alternative but to go for ground water to compensate the scarcity of drinking water in the area of study.
Current Status of water supply
State government department, Varanasi Jal Sansthan is engaged in the supply of drinking water to the people residing in the city of Varanasi. This Jal Sansthan draws raw water from two sources: (a) the river Ganga and (b) ground water.
Bhadaini Intake Works is pumping a total of 1.25×10 5 m 3 d −1 raw water of the river through its six pumps, four each with a capacity of 40 m 3 min −1 and 2 each with 30 m 3 min −1
. The pumped raw water is sent to the Bhelupur Water Works, situated at about 1.5 km away from the water drawing point, for its chlorination and purification. The treated water is supplied to the inhabitants of the city through a network of pipelines the total length of which is about 575 km. This water supply system was laid way back in 1892 by James Princep. Sometimes, because of failure of electricity supply the Bhadaini intake works fail to pump up water from the river to its full capacity and because of which the problem becomes acute. At a few places, quite often, public of the city raise a hue and cry about mix up of water with sewage because of leakage in the pipes. The some gastro-enteric diseases and other health hazards support this type of claim.
Along with the river water, a total of 1.45 m 3 d −1
of ground water is extracted from 118 deep bore tube wells installed in different localities of the city to cater to the growing demand of potable water. Further, a total of 2,347 hand pumps were also set up at different parts of the city. Jal Sansthan has divided the city area into 16 zones (11 zones within the city spread between Ganga and Varuna and 5 zones in the transVaruna area (located to the other side of the river Varuna, as a western extension of the city) for the management and distribution of water supply. The trans-Varuna is dependant entirely on ground water.
With all types of water supply put together, Jal Sansthan provides a total of 2. . That means, about one fifth of the population of the city is not supplied with potable water.
The river Ganga is an important source of drinking water in the city, but the level of water of goes down for various reasons, below the intake points. Jal Sansthan finds it very difficult to draw 1.25×10 5 m 3 d −1 water not only during spring, winter but also during some period of rainy season. What, more there is problem of pollution concentration.
Available resources
The city, a part of Central Ganga Alluvial Plain, is underlain by the Quaternary Alluvium comprising fine to coarse grained sand, clay and clay with Kankar. The alluvium belongs to the Quaternary Group of Pleistocene System of the Recent geological age. To be precise, the Older Alluvium is Middle to Upper Pleistocene and the Newer Alluvium is recent (Krishnan 1960) .
Study of the Upper 120 m of alluvium based on records of tube wells in the area indicates the presence of the two distinct sedimentary horizons, namely (i) back-swamp clays containing Kankar at places lying immediately below the land surface and having an average thickness of about 50 m and (ii) the underlying meander-belt deposits consisting of mixed populations ranging from fine to coarse sands, having an average thickness of about 60 m. In these two unconsolidated alluvial horizons, ground water occurs in the pore spaces in the zone of saturation (Pathak 1977) .
These two ground water bodies are hydraulically separated where the back swamp deposits are thick but are likely to be interconnected where they are comparatively thin. These two types considerably differ in their capacity to absorb water at the land surface and to transmit water to the zone of saturation. The back-swamp clays are generally dense and impervious and cover the entire area. These clays are massive and contain Kankar and thin lenses of fine-grained sands. Because this material is generally too fine grained to transmit water readily, it prevents the downward percolation of water from the land surface and also confines water in the underlying meander-belt sand deposits. These deposits constitute a ground water reservoir from which very large supplies of water can be recovered perennially for irrigation, municipal and industrial purposes. The shallow ground water in the back swamp deposits (clay and Kankar beds) is generally unconfined and its static water level is only a few metres below the ground level. It supplies water to a good number of dug wells, bore wells and wells fitted with small pumps used either for domestic or irrigation purposes. The meander belt sand deposits form the main ground water body in the area and supply water to a large number of tube wells used for irrigation, industrial and domestic purposes. The deep ground water body, considered to be hydraulically continuous, is known to be confined locally. The piezometric surface of the deep body varies and is generally known to be deeper in comparison to the static water level of shallow water body. It should be mentioned that the ground water table in the city has gone down to 4.6m (15 feet) below the level it used to be earlier. The ground water level was at a general depth of 12 m to 18 m (40 to 60 feet) in the year 2005; whereas in the year 2006 it was between 17m and 21 m (55 to 70 feet) deep (Report of the 'Hindustan' 1996) .
As the texture and thickness of the meanderbelt deposits vary considerably, their water yielding capacity also differs from place to place. Most of the tube wells in the city derive water from meander-belt deposits. These tube wells yield (30 to 60) L s −1 water. A few tube wells which derive water from the thin disconnected sand lenses in back-swamp clay yield less than 15 L s −1 . In 1999, the Municipal Corporation (now Nagar Nigam) made a survey and found 5000 wells in the city. But, a recent survey reported only 2204 wells in existence. Obviously the rest of the wells were filled with wastes, garbage's etc.
Ponds as a source of recharge
The most important source to sustain ground water body, in fine to coarse-grained sands of the Older Alluvium, is rainfall that seeps down to the water table. Other sources include infiltration from river while in spate, return seepage from irrigation and inflow from neighboring areas. The area receives rainfall during south-west monsoon.
The annual average precipitation (50 years average) in the city is 1 076 mm. In the year 2008, the city witnessed a rainfall of only 300 mm. There is no established system of ground water recharging in the city.
In Varanasi, there used to be many ponds and tanks dating back to ancient time. Besides serving as the holy places for holding Hindu religious rituals, they also played an important role in rainwater collection and thereby served as sources for ground water replenishment. Totally 118 ponds and tanks in the city, have been documented (Figs. 1 & 2) .
However, due to rapid expansion of the city, most of these sacred ponds have been wiped out from the map of the city. Our investigation has revealed that 44 ponds were replaced by settlements. This shows utter disregard of environmental conservation to accommodate growing population. Public unawareness of the importance of these ponds aggravated the situation by completely or partially filling up many of the existing ponds with garbage and wastes.
Fortunately at the behest of avid citizens and environmentalists, the city authorities have prepared a list of 54 ponds and tanks which in need of urgent rehabilitation; the plan has not been effectively implemented though. These 54 ponds may soon die out if immediate rehabilitation measures are not implemented. Only about half a dozen of them have water throughout the year. The Central Government has released a sum of Rs 16.9 million rupees for the maintenance and beautification of water bodies of Varanasi .
Pollution
Pollution of the ground water in the city is mainly sourced from heaps of garbage. The solid and liquid wastes generated out of the household and industrial activities are dumped and released in uncontrolled sites. On an average, 661 million tons of solid waste in a day is produced in the city, but only 87% of which is collected for ultimate disposal, and the rest is left uncollected. This is primarily due to lack of effective labor strength and fleet of vehicles for collection, transportation and disposal. These wastes are disposed of in the low lying areas of the city where the tanks and ponds are located, which were once important sources of ground water recharge in the city. In order to know the impact of wastes on ground water quality, water samples from 6 sites (hand pumps) around garbage dumps were analyzed. At two sites (Aurangabad and Badi Gaibi), samples were taken in two different (summer and rainy) seasons. and the results are listed in Table  1 .The ground water from these two sites appears to be unremarkably affected by the solid waste dump in terms of chemical contents. However, the turbidity is far above acceptable limit, rather close to the maximum permissible limit. The hardness exceeds a value higher than double the acceptable limit but still below the permissible limit. Unexpectedly, the water is free of coliform.
The ground water in rainy season has slightly lower alkalinity, TDS, turbidity, chloride and conductivity but higher TSS, COD, and nitrate. The water from Aurangabad has higher TDS, hardness, COD, and pH and that from Badi Gaibi has higher alkalinity, chloride, sulphate, TSS and turbidity. These spatial differences might be the result of seepage from different garbage dumps.
During the last rainy season (July-August) water samples were taken from hand pumps surrounded by waste dumps on 4 sites keeping in view the likely impact of the dumps on the ground water quality. The parameters considered were again 14; the analysis was done in the laboratory of the U.P. Jal Nigam. The results obtained are shown in the Table 2 . TDS is well above the acceptable limit though within permissible limit in ground water from 3 of the 4 sites studied. The color (except at Nagwa Police Chowki), taste/ odour (brackish) and pH are more or less normal. So are the calcium, magnesium and iron contents. Among the 4 sites, iron is conspicuous at Nagwa Police Chowki site.
Here the water is characterized by highest amount of turbidity (12 NTU) in all 6 sites but is devoid of fluoride and nitrate. Ground water from Aurangabad and Badi Gaibi has higher chloride level than the water from the other 4 sites. Sulphate is highest at Beniabagh.
In the final analysis, only striking result is the presence of NO 2 , which is beyond the permissible limit at Pisachmochan site.
No doubt, there is a marked variation in the chemical parameters of water at different sites. In fact, the impact of solid waste dump, in general, is not beyond acceptable/permissible limit which may be attributed to the deep (more than 150 feet) drilling of hand pumps.
In the Ganga Action Plan Phase-I, the construction of municipal sewage treatment plants /1978-79 in various segments of the city area i.e. Konia-Dinapur (in the northern sector) and Bhagwanpur (in the southern sector) was taken up. The treated sewage water, being plant nutrient, is widely applied to irrigate crops in the tract within vicinity of treatment plants. Persistent leaching of the dissolved nitrate content of the liquid wastes downwards through the permeable irrigated soil to the top saturated aquifer horizon possibly induced enrichment of nitrate content in ground water of the city. Besides, poor sewerage and drainage facilities, leakage of human excreta from very old septic tanks, and application of nitrogenous fertilizer might have also contributed to nitrate enrichment in the ground water. In total, pollution of ground water in the city is mainly from urban and industrial wastes. However, the use of chemical fertilizers and pesticides in agricultural fields in the surrounding sub-urban sectors for cultivation purposes has also augmented the problem. A large variety of chemicals are being used by farmers in the agricultural fields to eradicate various types of agricultural pests, including insects and other organism. These pesticides find their way to ground water through percolation. Research on pollution of ground water in other parts of India has been reported abundantly (Roychowdhury et al. 1999 , Rahman et al. 2001 , Ahmed et al. 2001 , Chaudhary et al. 2001 , Chakraborti et al. 2002 , Chowdhary et al. 2002 , Chakraborti et al. 2003 , Mukherjee et al. 2003 , Rahman et al. 2003 , Chakraborti et al. 2004 , Rahman et al. 2005a , Rahman et al. 2005b , Rahman et al. 2005c , Bhattacharya et al. 2005 , Mukherjee et al. 2005 , Ahmed et al. 2006 , but that of Varanasi is scarce (Raha et al. 2003 , Singh et al. 2006 . Varanasi is popular in the Indo-Gangetic plain for the production of vegetables and fruits. Thus, there was a quite long history of use of fat accumulative, highly toxic banned cyclodiene organo-chlorine pesticides in the city for agricultural purposes and also to maintain public hygiene (Raha et al. 2003 , Singh et al. 2006 . The higher amounts of aldrine in the groundwater in rural areas appear to be related to its extensive use in plant protection of cereals, vegetables and fruits for the last few decades. The relative concentrations of cyclodiene organo-chlorine pesticides in ground water were in the following order: aldrine > chlordane> dieldrine> heptachlore and its epoxide. The study (Raha et al. 2003 , Singh et al. 2006 indicated that the banned cyclodiene organo-chlorine pesticides so far analyzed both in the rural and urban areas have crossed the FAO/WHO limit of water quality and contamination of these cyclodiene pesticides is in alarming stage for human and livestock consumption and the possibility of their accumulation in food chain can not be ignored. The higher amount of aldrine in groundwater in urban area appeared to be related to its extensive use in house hold purpose and plant protection of vegetables in kitchen gardens as well as public health programs through local municipality (Raha et al. 2003 , Singh et al. 2006 . UNICEF reported the presence of 'arsenic in the ground water of southern parts of the city at a level up to 499 ppb far beyond the limit (10 ppb) set by the WHO and Bureau of Indian Standard for the potable water. The joint investigation committee comprising the representatives of Chief Medical Officer, Nagar Nigam and Jal Sansthan analyzed the ground water in the city and claimed that 75% of the water supplied through tube wells was safe and the rest was unsuitable for drinking purpose, through a orthotolidine test on quantity of chlorine in the water. But, the National Institute of Communicable Disease (NICD) has rejected this type of test by stating that the test lacks scientific basis. Nagar Nigam does not carry out coliform test to measure E. coli organism. The ground water in the first and second strata is polluted from nitrate and faecal coliform organisms. Banaras Hindu University in the southern part of the city fulfills its demand of water from the third strata occurring at 200 m below ground level through deep bores. The Central Government has initiated a plan in 1986 namely 'Rajiv Gandhi National Drinking Water Mission' to provide safe drinking water. The Mission has been entrusted to analyze the samples of ground water with respect to the levels of iron, fluoride, nitrate and total dissolved solid (TDS). Unfortunately, under this mission not much could be implemented in the State of Uttar Pradesh due to apathy of the State Government. Although crisis of water is prevalent in the whole city, the southern part is suffering more owing to lowering of ground water each year. Brij Enclave is a densely populated area of the southern part of the city.
Here, ground water table dropped by 2.13 m (7 feet) in 2006 from a level of 17.68 m (58 feet) in 2005.
Report of the State Ground water Department states that the ground water in the city of Varanasi is depleting at a rate of 23 cm /a −1 (Report of the 'Hindustan' 2006). Lowering of ground water in the southern part is 9 times faster than the rest part of the city. The Central Government has recently asked State Governments to prepare an integrated development plan for a well planned township under the proposed 'Jawahar Lal Nehru Urban Renewal Mission', so that it might meet the demand of rapidly growing population for the next 25 years. The State Government has submitted its detailed feasibility report to the Central Government for integrated development of the proposed 'Greater Varanasi', which includes the southern part of Varanasi city also. Therefore, the southern part, the most affected part in terms of water supply, might be developed as a township under the Mission.
Identification of new water bearing horizon in the southern part
To find new water bearing horizon in the southern part of the city is a few representative samples of soil were collected from the boreholes at the different depths at Karaundi near Banaras Hindu University (Fig. 1) . The depths of the samples range from 0-175 m; the depths and tentative field names of samples are shown in Table 3 . With the help of grain-size parameters of the samples collected, the generalized hydrologic properties of the aquifer was established for identifying the water bearing horizons of the area.
Laboratory investigations and results
The laboratory investigations of the samples collected involve the following steps:
Determination of textural property of aquifer -sands through grain size analysis. Identification of the hydrological properties of -water bearing horizon with the help of standard graph of Klein. The grain size analysis has been carried out by using ASTM (American Association of Testing Material) sieve set for the determination of textural properties of aquifer sands. The results of sieve analysis are shown in the Tables 3 to 5. From the results obtained, cumulative curves (Fig. 3) were drawn and interpretation of the trend of the curves has been done. The study of frequency distribution pattern reveals that out of 7 samples, 5 are unimodal in distribution. In case of unimodal size distribution, the primary modes lie on 2.00 φ or 4.50 φ. However, the mode shifts from 0.00 φ to 2.00 φ in case of bi modality. The cumulative plots have been made on logarithmic probability paper as the clastic material generally follows a logarithmic probability law. The nature of these curves establishes the relationship between the flow regime and grain size behavior as well as environmental interpretation. These curves (Fig. 3) have been studied on the basis of their morphology (Doeglas 1946 , Sindowski 1957 . The curves closely resemble with those of fluvial environment. The different percentile values deduced from the plots of curves have been given in the Table 8 which has been utilized for the determination of grain size (textural) parameters as shown in the same Table. The grain size parameters -median, mean, standard deviation, skewness and kurtosis were computed as suggested by Folk & Ward (1957) . The formula used for calculations are given below:
(Median) Md φ = 50 th percentile
Median is a measure of central tendency, i.e. 5 th percentile. The Md φ values for the aquifer sand range from -0.50 φ to 1.90 φ. The higher range of size variation is attributed to more fluctuation in a depositing medium. Mean is defined as arithmetic of a series of values in a sense of arithmetic mean. Folk and Ward (1957) proposed that
The mean size value of the sands range from 0 φ to 1.93 φ (i.e. coarse to medium sands). Standard deviation, also described under various names viz. 'Measure of Dispersion', Phi Mean Deviation', 'Sorting', and 'Quartile Deviation' etc. The values of standard deviation for aquifer sands vary from 0.78 φ to 2.41 φ (i.e. Moderately sorted to very poorly sorted). Skewness is the measure of symmetry around mean. The skewness values in the present study range from -0.024 to 0.34 (i.e. slightly skewed to very positively skewed) Kurtosis is a measure of peakedness and also a function of standard deviation. It measures the ratio of the sorting in the extremes of the distribution compared with the sorting in the central part and reflects the fluctuation in the velocity of the depositing medium. The value of K G more than unity is suggestive of a greater fluctuation. The aquifer sands belong to platykurtic to very leptokurtic (i.e. K G values varying from 0.78 to 1.64). Folk & Ward (1957) has successfully applied the textural characteristics in estimating aquifer properties by plotting the median diameter (D50) on abscissa and the corresponding sorting factor of the grain (i.e. D 10 /D 90 ) on ordinate in order to infer the shorting behavior of the grains, permeability, porosity and specific yield. The generalized hydrological property of the aquifer sands of the city of Varanasi is shown in the Fig. 4 . Among the hydrologic properties, specific yield is of most important being the water yielding capacity of the aquifer and found directly related to textural characters of the sediments. Meinzer (1923) defined the specific yield of soil with respect to water as the ratio of the volume of water that will drain by gravity from a saturated rock to the total volume of the rock (Meinzer 1923) . . This ratio is usually expressed as percentage as specific yields represent the void space that will yield water to well and is effective in furnishing water supplies. It is also known as effective porosity. Amongst the hydrologic properties specific yield is of most important being the water yielding capacity of the aquifer and found directly related to textural characters (i.e. grain size parameters) of the sediments. The size of the particle plays an important role in deciphering about the hydrologic characters of the sediments. However, the laboratory methods determine indirectly values of specific yield. In this regard, an attempt was made first by Hazen (1892) , who found the relation in between the particle-size and their water retaining capacity. Of the various empirical formulae, i.e. Wenzel (1942), Brinkman (1949) , Johnson (1963) and Stakman (1969) , the Hazen formula (1892) (0.70 + 0.03 t) where, K = Co-efficient of permeability expressed as the flow of water through a square meter of sand a day under a hydraulic gradient of hundred percent at a temperature of 50°F. It is expressed in m/d, C = a constant. A value, ranging between 600 and 1000, may be chosen depending upon the uniformity co-efficient, i.e. 600 when uniformity coefficient value is higher and 1000 when it is small, de = effective size of sand grain in mm (a size such that 10% of the material is of smaller grains and 90% of the larger grains), t = temperature of water in °C. The ground water temperature is near about the mean annual atmospheric temperature.
However, a preliminary evaluation of permeability (K) & specific yield of unconsolidated sedimentary material can be made by employing empirical methods of relating K with texture (Sand : Silt : Clay ratio) and some critical size parameters like effective size (d 90 ) and median size (d 50 ). The parameters obtained after Hazen (1892) are inconsistent with pump test values in pebbly and boulder formation (Karanth 1996) . Meinzer (1923) concluded that definite relation could not be drawn between particle size and their water yielding capacity. He, however, emphasized the need for more test of the same sort like those of earlier worker e.g. Hazen (1892) . In the present study, porosity, permeability and specific yield have been evaluated by plotting on double log graph, the sorting factor (i.e. D10/D90)½ on the vertical scale and median diameter (D 50 ) on the horizontal scale (Fig. 4) . The hydrological and textural properties of the aquifer sands are shown in the Tables 7 and 8. 
Conclusions
Ground water in the area is occurring in two distinct sedimentary horizons namely: (1) backswamp clays containing Kankar at places lying immediately below the land surface and having an average thickness of about 50 metres and (2) the underlying meander-belt deposits consisting of fine to coarse grained sands having an average thickness of about 60 metres. The back-swamp deposit supplies water to the good number of dug wells, bore well and wells fitted with small pumps used either for domestic or irrigation purposes. Whereas, the meander belt sand deposits form the main ground water body in the area and supply water to the large number of tubewells used for irrigation, industrial and domestic purposes. The ultimate source of water which sustains ground water body, in fine to coarse-grained sands of the Older Alluvium, is rainfall. The annual average precipitation (50 years average) in the city is 1076 mm. A part of the rain that falls return to the atmosphere by evaporation, a part runs off on the surface as streams. There is no proper management of ground water recharging in the area. The southern part of the city, lying high, is most affected owing to water scarcity. Hence, a fresh water bearing zone is to be identified in the region. The analyses of the aquifer sands of this region reveal that these sands are intermixing of medium and coarse sand particles. According to sorting classification of Folk & Ward (opacity) , the sands of the area are very poorly to moderately sorted in nature. From the hydrological study of the aquifer sands, it is evident that the water bearing horizons have porosity more than 40 or 30-40% and permeability 100-1000 gpd (gallon per day) and specific yield being >30%. From the grain size analysis and hydrological study it may be concluded that water bearing zones are mainly found in three horizons at the depths (44-56 m; 56-87 m; 87-165 m). The first water bearing horizon at a depth 44-56 m is more prone to contamination. In spite of good porosity (>40%), its shallow thickness is not favorable for providing fresh water. The second aquifer zone at a depth of 56-87 m (i.e. total thickness being = 31 m) can act as a very good aquifer for domestic purpose owing to its good porosity (30-40%), permeability (100-1000 gpd) and specific yield (>30%).Whereas third water bearing horizon starts at a depth of 87-165 m (total thickness being 78 m) can act as a good potential ground water horizon for township purpose. Due to its greater depth, the water would be relatively fresh being characterized by very low concentration of dissolved solids. Therefore, this horizon is strongly recommended for utilizing the water resource for the township which would be developed in near future by the Government under the integrated development plan of Greater Varanasi, a part of the Jawaharlal Nehru Urban Renewal Mission.
